The interference of the Z 2 with γ, Z 1 in e + e − →bb(cc) at LEP 1.5 energies is correlated with R b (R c ) and may be observable.
The Standard Model (SM) has long provided an excellent representation of particle interactions. Recently, however, possible indications of discrepancies with SM predictions have surfaced in LEP [1] data. The LEP measurements [1] of R b(c) = Γ(Z →bb(cc))/Γ(Z → hadrons) (1) deviate by 3.7σ (−2.4σ) from the SM [2, 3] . * These deviations have generated a flurry of phenomenological activity since they may be the first indications of physics beyond the SM. Proposed explanations of the observed phenomena include supersymmetric [5] or other new particles [6] , extra Z bosons [7, 8, 9, 10, 11, 12, 13, 14, 15, 16] , technicolor [17] , and other [18] models. Our interest here is in possible extra Z boson interpretations, which have immediate implications for physics at the Tevatron. We point out that s-channel Z 2 production and the pair production processes (W, Z, γ)Z 2 with Z 2 → bb decays will lead to bb and (W, Z, γ)bb events at the Tevatron, with a bb invariant mass peaked at M Z 2 in excess of QCD backgrounds if M Z 2 < ∼ 200 GeV. Here we use Z 2 to denote the mass eigenstate of the heavy Z boson after Z − Z ′ mixing. Z 2 interference effects may be observable in e + e − →bb(cc) at LEP 1.5 energies.
Our work has a distinct vantage point from other recent Z ′ analyses of the R b,c data that advocate a Z ′ boson with mass ≈ 1 TeV [9, 10] to account for an excess above QCD of the inclusive jet cross section at E T > 200 GeV reported by CDF [19] . Although quark distributions are well constrained by deep inelastic scattering data [20] , a smooth rise in the E T jet cross section compared to QCD expectations can possibly be explained by other means, such as a modification of the gluon structure function at high x [21] or a flattening of α s (Q 2 ) at high Q 2 due to new particles [22] . Also the CDF high E T jet anomaly is not present in preliminary D0 data [23] .
A large class of string models with supersymmetry contain additional U(1) ′ symmetries and additional exotic matter multiplets. In many of these models the Z ′ and exotic masses are either of O(M Z ) or of order 10 8 to 10 14 GeV [24] . Consequently a search for Z ′ bosons in the electroweak mass region < ∼ 1 TeV is well motivated. Through the mixing of the Z boson with the Z, the predictions of electroweak observables are modified [25, 26, 27, 28] . Thus, it is natural to see if Z, Z ′ mixing effects can better account for the precision electroweak measurements. In general, this mixing affects both lepton and quark partial widths of the Z as well as the total width. The changes in the widths vary from model to model because of the different chiral couplings. In the usual models based on grand unification with SO (10) or E 6 gauge groups (without kinetic mixing [29] ), all Z partial widths are modified. However, because the leptonic widths agree well with SM predictions, an overall fit to the electroweak data is then not significantly improved by Z ′ mixing in these models and the R b excess is not explained.
If, however, we consider a model in which the Z ′ couples solely or dominantly to quarks with a universal strength, a substantial improvement results in the description of the precision electroweak data, as detailed below, and found in other recent analyses [7, 9, 10, 11, 16] . A reasonable fit to the data is obtained for a range of universal chiral couplings of the Z ′ boson.
A gauge symmetry generated by baryon number, U(1) B , is an interesting possibility [12] , since this avoids potential problems associated with the breaking of global baryon number by quantum gravity effects (e.g., an unacceptable proton decay rate in supersymmetric theories).
In this case the Z ′ has vector couplings. Another possibility is kinetic mixing of the two U(1)'s [11, 29] to suppress the leptonic couplings. The U(1) η model of E 6 is an interesting model in which this may occur [11] . Here the cancellation of contributions to the Z-leptonic width is fine tuned and leptonic Z 2 decays may still be present at a suppressed level. In the following, we will consider family-universal couplings to baryon and axial-baryon number.
As in Refs. [9, 10] , we assume that the model can be embedded in an anomaly-free theory.
Extension of the results to models (such as U(1) η ) with different couplings to charge 2/3
and −1/3 quarks, or to the family non-universal case, is straightforward.
A Z ′ coupled to quarks has very interesting implications for physics at the Tevatron collider. If its mass is < ∼ 200 GeV, it could be produced in the s-channel and in conjunction with the W, Z or γ and detected via its Z 2 → bb decay mode (and possibly also through 
where Z 0 1 is the SM Z boson and Z 0 α with α ≥ 2 are the extra Z bosons in the weak-eigenstate basis [31] . In our case, we only consider one extra Z 
where x w = sin 2 θ w and θ w is the weak mixing angle. The factor λ depends on the symmetry breaking pattern and the fermion sector of the theory but is usually of order unity.
Since we only consider the mixing of Z 
where for both quarks and leptons
and we consider the case in which Z 2 couples only to quarks,
Here T i 3L and Q i are, respectively, the third component of the weak isospin and the electric charge of the fermion i; ǫ V and ǫ A are parameters of the Z 2 sector. The mixing of the weak eigenstates Z 0 1 and Z 0 2 to form mass eigenstates Z 1 and Z 2 can be parametrized by a mixing angle θ
The mass of Z 1 is M Z 1 = 91.19 GeV and M Z 2 is unknown.
Substituting Eq. (7) into Eq. (4) we obtain the interactions of the mass eigenstates Z 1 and Z 2 with fermions
where
Here we use the valid approximation cos θ ≈ 1 and sin θ ≈ θ. The Feynman rules for the interactions of Z 1 and Z 2 with the fermions can be easily obtained from Eq. (8).
Precision Electroweak Constraints
From studies of Z ′ mixing effects on the Z 1 coupling, the products θλ 1/2 ǫ V and θλ 1/2 ǫ A can be determined. Without loss of generality we can take the ǫ V and ǫ A to be normalized to unity and write
The partial widths for Z 1 -decays to quarks are determined by the couplings
where the value x w = 0.23 is used in the approximate equalities. The modifications in the SM partial widths are then
and
. Fermion mass corrections, effects related to the shift induced in M Z by the mixing [30] , and electroweak corrections are not displayed for simplicity but are incorporated in the numerical analysis.
Similar results apply for the other T 3 = −1/2 and 1/2 flavors, respectively. The total hadronic width
is modified by
Thus, a vector baryonic Z ′ (λ = π/2) gives the modifications
The Z → bb partial width is increased (for κ > 0) and the Z → cc partial width is decreased, which are the directions of the deviations from SM predictions indicated by the LEP data.
The increase in the total hadronic width can be compensated by a smaller value of
) than that obtained in the SM fits; then both Γ had and Γ tot measurements are well described by the Z ′ mixing model.
An axial baryonic Z ′ (γ = 0) gives the changes
Here the effects in the bb and cc channels are again in the desired direction (for κ > 0), but larger, and the change in δΓ had is somewhat less. A range of γ values can produce fits that are significantly better than the SM; we focus on γ = 0 and π/2 henceforth as representative cases. Even better fits could be obtained by adjusting γ. We will also briefly consider the fine-tuned case cot γ = −1.3, for which the direct contribution to δΓ had vanishes.
We have made fits to the full set of electroweak measurements similar to analyses of the SM [2] . In particular, we include the (important) constraints from deep inelastic neutrino scattering and atomic parity violation, which were not included in the analyses of Refs. [9, 10, 11] . The best fit value of α s (M 2 Z ) comes out somewhat low for the pure axial and pure vector cases, so we made subsequent fits with α s (M Tables 1 and 2 . Table 3 Table 4 compares the fit to the interesting observ-
, where the latter quantity is the bb asymmetry;
the "pull" of each of these observables in the fit is given. In the SM fit the Higgs mass is constrained to the range 60 < m H < 100 (24) with the best fit at the lower end of the allowed range. This is driven mainly by R b and the SLD polarization asymmetry [2] . In the mixing models the preference for any particular † The shifts in the Z 1 couplings depend only on the combination θλ 
The decay width of Z 2 (Z 1 ) → ff is given by
, N c = 3 or 1 if f is a quark or a lepton, respectively, G F is the Fermi coupling constant, and M Z 0 1 is the SM Z mass. We calculated α s (M Z 2 ) from the two-loop expression with Λ QCD = 200 MeV and 5 flavors for M Z 2 < 2m t and 6 flavors above 2m t . The Z 2 width is proportional to λ, which sets the strength of the Z 2 coupling; see Eq. (3).
For λ = 1 the total Z 2 width is
The widths would be increased somewhat if there are open channels for decay into superpartners or exotic particles.
Z 2 Production in the s-channel
The Z 2 state can be directly produced at a hadron collider via the→ Z 2 subprocesses, for which the cross section in the narrow Z 2 width approximation is [33] σ(qq → Z 2 ) = K 2π 3
The K-factor represents the enhancement from higher order QCD processes, estimated to 
and the cross section is independent of the parameter γ.
The jet-jet invariant mass resolution smearing of hadron collider detectors is typically ∆m(jj)/m(jj) = 0.1, which includes the effects of QCD radiation and detector smearing.
Since this mass resolution well exceeds the Z 2 width when the Z 2 is O(M Z ), we include a Gaussian smearing of m(jj) with this rms resolution in calculating m(jj) distributions associated with Z 2 decays.
In calculating the QCD background to s-channel Z 2 production we include interference effects and calculate the→process at the amplitude level, including Z 2 , Z and γ exchanges along with the QCD gluon exchange amplitudes. The non-interfering backgrounds from the W -exchange processes′ →′ and′ → q ′q and the backgrounds from gg, gq, and gq initiated processes are added to get the full jet-jet cross section. In our calculations we use the CTEQ3L parton distributions of Ref. [34] .
The UA2 Collaboration [35] has detected the W + Z signal in the dijet mass region 48 < m(jj) < 138 GeV and has placed upper bounds on σB(Z 2 → jj) over the range 80 < m(jj) < 320 GeV. Inclusive Z 2 production with Z 2 → bb decays may be detectable at the Tevatron as an excess of events in the bb invariant mass distribution at m(bb) ≈ M Z 2 and in the inclusive transverse momentum distribution of the b, which has a Jacobian peak at
These distributions are illustrated for leading order QCD in Fig. 2 . Vertex and semileptonic tagging of the b's can be used to reject the backgrounds from other quarks and gluons. The backgrounds due to gg → bb production are nonetheless very large, so identification of the signal contribution here is difficult.
The Z 2 can be produced in e + e − collisions via any direct e + e − coupling and its e + e − coupling induced by mixing. Here we consider the e + e − coupling that results solely from mixing. Figure 3 illustrates the effects of a M Z 2 = 105 GeV resonance on the e + e − → bb and 
Vector Boson Pair Production
In the SM, W + W − and W Z pair production can provide stringent tests of the gauge theory since there are large cancellations between a s-channel gauge boson amplitude and a t-channel fermion exchange amplitude. For example, consider pp → W Z + anything production at √ s = 1.8 TeV. The components of the cross section are
where W * denotes the s-channel resonance, f the fermion exchange contribution, and (W * , f ) the interference contribution. This cancellation is mandated by the asymptotic s-dependence of the cross section [33] . In the case of W Z 2 or ZZ 2 pair production the s-channel boson contributions are highly suppressed by the mixing angle θ. Consequently, we expect much larger pair production cross sections than in the SM when M Z 2 is of order M Z . Because the Z ′ couplings to quarks are universal, there is no reason for a cancellation of s-and t-channel contributions [36] .
The cross sections at the Tevatron energy √ s = 1.8 TeV are shown for λ = 1 in Fig. 4 . We have included a K-factor of K = 1.3 to approximate next-to-leading order QCD contributions [37] . The cross sections for W Z 2 , Z 1 Z 2 , and γZ 2 scale linearly with λ. 
The signature of W Z 2 with Z 2 → bb are the same as those for Higgs searches in W H and ZH final states with H → bb decays. In Table 5 we present estimates of of the number of Z 2 → bb signal and bb background Signal Background
W Z 2 (with W → eν, µν) 9.6 6.1
events that would be expected at the Tevatron in an invariant mass bin ∆m(bb) = ±10 GeV centered on M Z 2 = 105 GeV, assuming 100 pb −1 luminosity and 100% detection efficiency.
The signal event rates are at the interesting level for Z 2 discovery.
Summary
In summary, we have shown the following:
• A Z ′ boson with baryonic couplings improves the overall fit to precision electroweak observables, including LEP and SLD measurements along with other low-energy measurements such as neutrino scattering. Our conclusion in this regard is in agreement with other recent analyses which were based on Z-pole observables only.
• The precision electroweak analysis constrains the product θλ 1/2 of the Z, Z ′ mixing angle θ and the overall Z ′ coupling strength λ 1/2 .
• The electroweak analysis favors a light
the Z-mass are not ruled out.
• The s-channel production rate of Z 2 in pp collisions is constrained by UA2 dijet measurements, with couplings up to λ ∼ 1 allowed.
• The Z 2 can be produced in association with γ, W, Z, with cross sections at the Tevatron exceeding corresponding cross sections for Z 1 production in association with γ, W, Z.
• The Z 2 → bb decay mode is an important signal for Z 2 production in association with γ, W, Z at the Tevatron, giving a resonant enhancement in the bb invariant mass spectrum above the QCD background. These processes have a better signal-to-background ratio than the s-channel process.
• The Z 2 causes interference effects in e + e − →bb(cc) that may be observable at LEP 1.5. Table 5 are imposed. 
